Nozières' exhaustion theory argues the temperature for coherently screening of all local moments in Kondo lattice could be much lower than the temperature of single moment screening with insufficient number of conduction electrons. Recent experiment [Luo et al, PNAS, 112,13520 (2015)] indicates the cerium based nickel pnictides CeN i 2−δ As 2 (δ ≈ 0.28) with low carrier density is an ideal material to exam such protracted Kondo screening. Using the density functional theory and dynamical mean-field theory, we calculated the respective electronic structures of paramagnetic CeN i 2 As 2 /CeN i 2 P 2 . In contrast to structurally analogous layered iron pnictides, the electronic structures of the present systems show strong three-dimensionality with substantially small contributions of Ni-3d electrons to the carrier density. Moreover, we find significant Kondo resonance peaks in the compressed CeN i 2 As 2 and CeN i 2 P 2 at low temperatures, accompanied by topological changes of the Fermi surfaces. We also find similar quantum phase transition in CeN i 2 As 2 driven by chemical pressure via the isovalence As→P substitution. *
Recently extensive interests have been focused on the heavy fermion materials with dilute carrier density due to their exotic behaviors, for example the topologically nontrivial electronic states [1] [2] [3] , the Kondo semimetals [4] [5] [6] and the quantum phase transitions due to protracted Kondo screening [7] [8] [9] . The properties of heavy fermion materials depend on two key factors, one is the electronic correlations between the localized f-electrons and another is the hybridization among the f-electrons and the conduction electrons [10] [11] [12] . When hybridization is weak, the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction mediated by the hybridization leads to magnetic ordering of the localized f-electrons [13] [14] [15] . In the strong hybridization limit, the Kondo coupling forces the screening of local f-moments by conduction electrons producing a Fermi liquid at low temperature. However, the Kondo screening of localized f-electrons at the dilute conduction electron limit is less understood. According to Nozières' argument [16, 17] , only the conduction electrons within the Kondo energy scale around the Fermi level can participate in the Kondo screening. When the charge density of conduction electrons is low, the number of available conduction electrons for Kondo screening can be smaller than the total number of localized f-electrons in the lattice. The full Kondo screening of all localized felectrons, if happens, must be coherent. The corresponding energy scale for the coherent Kondo screening with insufficient conduction electrons is much lower than that of the single-impurity Kondo screening, being named the protracted Kondo screening temperature [18, 19] .
Previous theoretical investigations on Nozières' argument are largely limited to simple models like the singleimpurity Anderson model, the periodic Anderson lattice model, and the Kondo lattice model [20] [21] [22] [23] [24] [25] . Two energy scales are introduced in these calculations: the single-impurity Kondo temperature, T K , that indicates the screening of a localized f-electron, and the coherent temperature, T coh , below which all f-electrons are coherently screened to form a Fermi liquid. Recent experiment by Luo et al [9] suggests that the protracted Kondo screening may be realized in heavy fermion compound CeN i 2−δ As 2 where the carrier density is very low. They also found that by applying physical pressure there is a quantum phase transition from the antiferromagnetic (AFM) phase to the coherent Kondo screening state. The two phases are separated by a possible unconventional quantum critical point. Therefore, CeN i 2−δ As 2 presents an ideal and rare platform to investigate how the Nozières' exhaustion affects the quantum phase transition. This experiment also poses further problems concerning the perspective of electronic structures: the origin of the dilute carrier density, the topological difference of electronic structures on both sides of quantum phase transition, and whether chemical pressure via isovalence substitution of As by P leads to similar quantum phase transition and protracted Kondo screening.
To answer these questions, we investigate the protracted Kondo screening by calculating the electronic structures of the stoichiometric CeN i 2 As 2 under compression and that of the stoichiometric CeN i 2 P 2 at the ambient pressure. We employ the first principle density functional theory plus the dynamical mean-field theory (DFT+eDMFT) [26, 27] Monte Carlo impurity solver [28, 29] . Since the N i vacancies remove the conduction electrons from crystal, our results about the Nozières' exhaustion in the stoichiometric CeN i 2 As 2 stay valid for CeN i 2−δ As 2 . More details about the calculations can be found in the Supplementary Information (S.I.).
The DFT+eDMFT calculated total density of states (DOS) and all important partial DOS (Ce-4f, Ce-5d, Ni-3d, As-4p/P-3p) of CeN i 2 As 2 and CeN i 2 P 2 at 300 K (upper panel) and 38 K (lower panel) are presented in Fig.1 . In Fig.1 (a-d) DOS of CeN i 2 As 2 around the Fermi level are mainly from the Ce-4f orbitals and the Ni-3d orbitals, although the Ce-5d orbitals and the As-4p orbitals contribute at around ±4 ev. This indicates in CeN i 2 As 2 the conduction electrons are from Ni-3d orbitals. In Fig.1 (a-b) from 300 K to 38 K at the ambient pressure, there is no sign of enhanced hybridization between the Ce-4f states and the conduction electrons. It proves the Ce-4f electrons of CeN i 2 As 2 are still localized at lower temperatures and there is no Kondo resonance in CeN i 2 As 2 at the ambient pressure (555.4 Bohr 3 /f.u.). However in Fig.1 (c-d) when CeN i 2 As 2 is under 4.8 GPa compression (544.2 Bohr 3 /f.u.), even at 300 K there is a small quasi-particle peak at the Fermi level. Further decreasing temperature down to 38 K the quasi-particle peak becomes pronounced. The sharp quasi-particle peak comes from the hybridization between the Ni-3d states and the Ce-4f states which is enhanced by the decreased CeN i 2 As 2 lattice volume, in spite of the fact that the DOS of the Ni-3d orbitals around E F is still fairly small. This is a clear manifestation of the Kondo screening. The quasi-particle peak of the Ce-4f orbital at E F has the main quantum number J = 5/2. The second peak of Ce-4f orbital at 0.3 ev above E F comes from the orbital with J = 7/2. Our results support the experimental observation of Luo et al [9] that under compression there is a local moment to Kondo resonance phase transition in CeN i 2 As 2 .
Another interesting issue is whether chemical pressure on CeN i 2 As 2 will lead to the similar local moment to Kondo resonance phase transition. The chemical pressure on CeN i 2 As 2 can be induced via the isovalence substitution of As by P. As shown in Fig.1 (e-f), there are large Kondo resonance peaks in CeN i 2 P 2 either at 300 K or 38 K, while the contribution of the Ni 3d-orbitals to the DOS around the Fermi energy is still very small. This fact indicates the development of the Kondo screening states in CeN i 2 P 2 at the ambient pressure and the room temperature. Given the local moment state in CeN i 2 As 2 and the Kondo screening state in CeN i 2 P 2 , we expect a local moment to Kondo screening phase transition driven by the isovalence As → P substitution in this system. Our discovery is consistent with recent experiment observations [30] .
It should be noticed that in Fig.1(a-b ) the calculated Ni-3d DOS of CeN i 2 As 2 is about 0.6-0.7 ev −1 at E F , which is much smaller than the DOS at E F of conduction electrons in some other cerium based nickel pnictides like CeN iAsO [8] where the Ni-3d DOS at E F is about 1.5 ev −1 . Given the Ni vacancies in the realistic CeN i 2−δ As 2 (δ ≈ 0.28) crystal, the charge carrier density in this system is even lower. According to the Nozières' argument, the effective number of conduction electrons that participate in coherent Kondo screening is estimated by
is the DOS of conduction electrons at E F , and T K is the corresponding single impurity Kondo temperature typically much smaller than 1 ev. Because in CeN i 2 As 2 there is a local moment on each lattice site due to the occupied Ce-4f states, the number of available conduction electrons is indeed small relative to the number of local moments. Therefore, the observed coherent Kondo screening in CeN i 2 As 2 under physical or chemical pressure are protracted.
To observe the low energy excitation around the Fermi level in detail, we show the momentum-resolved spectral function A(k, ω) of CeN i 2 As 2 and CeN i 2 P 2 at 38 K in Fig.2(a-c) . In Fig.2(a) , the spectra function of CeN i 2 As 2 at the ambient pressure shows no sign of hybridization between the conduction bands (mainly Ni-3d) with large dispersion and the dim flat localized Ce-4f bands at around E F and E F +0.3 ev. But in Fig.2(b) , CeN i 2 As 2 at 4.8 GPa shows strong hybridization between the conduction bands and the Ce-4f bands. Consequently the spectra function of Ce-4f bands gain tremendous spectra weight at E F and E F +0.3 ev relative to that in Fig.2(a) . The two enhanced Ce-4f bands in Fig.2(b) are corresponding to the J = 5/2 and J = 7/2 peaks in Fig.1(d) respectively. In Fig.2(c) , the spectral function of CeN i 2 P 2 shows similar enhanced hybridization between the conduction bands and the localized Ce-4f bands because of the chemical pressure via As → P substitution.
The Fermi surfaces of CeN i 2 As 2 and CeN i 2 P 2 at 38 K are also presented in Fig.2(d-f ). Unlike some other layered materials with typical two-dimensional band structures in the a-b plane (e.g. the structurally analogous iron pnictides BaF e 2 As 2 [31, 32] and the cerium based pnictides CeN iAsO [8] exhibiting similar quantum phase transition), the Fermi surfaces of both CeN i 2 As 2 and CeN i 2 P 2 show prominent dispersion in all three directions. The larger electron dispersion in the c-axis in CeN i 2 As 2 and CeN i 2 P 2 comes from the relatively shorter distance between the Ce-layer and the transition metal-pnictide layer. The average distance at the ambient pressure is 4.6697 Bohr in CeN i 2 As 2 and is 4.4234 Bohr in CeN i 2 P 2 . In contrast the average distance between the Ba layer and the Fe-As layer is 6.1495 Bohr in BaF e 2 As 2 [32] , and the average distance between the Ce layer and the Ni-As layer is 5.4119 Bohr in CeN iAsO [8] . In Fig.1 we found the partial DOS at the Fermi level are mainly Ce-4f and Ni-3d states. Since the Ce-4f bands show weak dispersion, it indicates in CeN i 2 As 2 and CeN i 2 P 2 the inter-layer hopping of Ni-3d electrons across the Ce-Ni-As/P layers is strong. The Fermi surfaces of CeN i 2 As 2 at the ambient pressure ( Fig.2(d) ) have three sheets: a large sheet (sheet 1, in green and purple) at the top and the bottom that forms hole pocket around the N point, another large sheet (sheet 2, in blue and gold) surrounding the Z − Γ line, and a tiny sheet (sheet 3, in red and cyan) barely touching the P point. Under compression to 4.8 GPa (Fig.2(e) ), sheet 1 shrinks into two plates cutting the Z − Γ line and the hole pocket at N disappears, sheet 2 changes its topology to cut the P (GP a) f (ev) Im∆(EF )(ev) ρ(EF )(ev −1 ) TK (K) Z − Γ line as well, and sheet 3 develops into an electron pocket surrounding the X − P line. For CeN i 2 P 2 in Fig.2(f) , sheet 1 totally disappears and sheet 2 cut the Z −Γ line like under the physical pressure, but sheet 3 develops into two electron pockets not only surrounding the X − P line but also surrounding the Γ point. Because of enhanced hybridization between the conduction electrons and the Ce-4f electrons by increased physical/chemical pressure, more Ce-4f electrons become itinerant and the total number of electrons on the Fermi surfaces increases. Next we estimate the two relevant energy scales, the single-impurity Kondo temperature T K and the coherent Kondo temperature T coh in CeN i 2 As 2 and CeN i 2 P 2 .
When the number of available conduction electrons N c is smaller than the number of magnetic local moments N f , T coh will be suppressed relative to T K according to the Nozières' argument [17] ,
T K can be estimated using [33] [34] [35] ,
where W is the width of conduction band below the Fermi level, f is the average energy levels of the f-electrons, N f is the band degeneracy of f-electrons, and ∆(E F ) is the hybridization function at the Fermi level. We choose N f =6 since the Kondo peak at the Fermi level belongs to the J=5/2 Ce-4f bands and the J=7/2 peak is 0.3 ev above. The estimated Kondo temperature T K of CeN i 2 As 2 as a function of pressure is presented in Table. 1. At the ambient pressure the estimated T K of CeN i 2 As 2 is roughly 0 K. At 4.8 GPa, T K of CeN i 2 As 2 increases to 86.5 K, which explains the enhanced Kondo peak in Fig.1(c, d) . CeN i 2 P 2 has much higher T K at 147.5 K that produces the well developed Kondo peak in Fig.1(e, f) 1), need a renormalization factor that depends on materials [24] . A more precise constrain of T K and T coh need to be done in the future. For CeN i 2 P 2 , the calculated T coh is 0.366 K due to its larger T K . Therefore, the calculated T K , T coh together with the DOS in Fig.1 provide solid evidence for the development of protracted Kondo coherence in the CeN i 2 As 2 system at low temperatures by applying either physical pressure or chemical pressure via the isovalence As → P substitution.
By calculating the electronic structures of cerium based nickel pnictides CeN i 2 As 2 and CeN i 2 P 2 , we find a novel quantum phase transition from the local moment phase to the coherent Kondo screening phase in CeN i 2 As 2 under compression. We show the coherent Kondo temperature T coh is much smaller than the single-impurity Kondo temperature T K , and the protracted Kondo screening is due to the diluted conduction electrons on the Ni-3d orbitals. We further find that this transition is accompanied by topological changes of the Fermi surface. Unlike structurally analogous layered iron pnictides, the relatively stronger transfer of Ni-3d electrons across the Ce-Ni-As/P-layers in the zdirection makes CeN i 2 As 2 /CeN i 2 P 2 three-dimensional materials. Our calculations also point to similar quantum phase transition and protracted Kondo screening driven by chemical pressure in agreement with the recent isovalence As → P substitution experiment. Our discoveries provide important insights in understanding the nature of the quantum phase transition and the coherent Kondo screening protraction in heavy fermion systems with dilute carrier density. 
